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LEGAL NOTICE

This report was prepared as an account of Government sponsored
work.  Neither the United States, nor the Commission, nor any
person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed
in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee
of such contractor, to the extent that such employee or contractor
of the Commission, or employee of such contractor prepares, dis-—
seminates, or provides access to, any information pursuant to his
employment or contract with the Commission, or his employment with
such contractor.
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SURFACE IONIZATION METHOD OF DETECTING
HALOGEN-BEARING GASES

by

Harvey A. Schultz

ABSTRACT

In an experimental investigation of positive ion pro-
duction at heated surfaces, the primary objective was to
develop a stable quantitative detector suitable for studies of
movements of a gaseous tracer in the atmosphere or other
large gaseous masses. Freon-12 (dichlorodifluoromethane)
is well qualified as a tracer, since it is harmless toanimals,
plants, and equipment under ordinary conditions, is undetect-
able, except by special apparatus, and is not too expensive,
considering that 0.1 ppm may be detected. Two phases of
the work are discussed: the modification of a commercial
detector to improve its reproducibility, and the investigation
of the mechanism responsible for halogen sensitivity. A
multiple-step process is involved. Steps studied included
thermal decomposition of the Freon, release of alkali from
a heated source and transfer through the carrier gas to a
surface at high temperature, ionization, and ion collection
by an electric field. Sensitivity may be lost by raising the
halogen concentration enough to make ionization or ion col-
lection the rate-controlling step, and this change is not im-
mediately reversible.

INTRODUCTION

For many years there has been need for an instrument which could
be used for the direct study of atmospheric diffusion by means of gaseous
tracers. One device on the market, the General Electric Type H Leak
detector, met part of the requirements. The purpose of this project was
to refine this instrument to meet the demands of the diffusion study.

The term "atmospheric diffusion”" used here refers to a process
more complicated than gaseous diffusion in the ordinary physical sense. It
covers all the mechanisms by which gases from a source, such as a stack,
are mixed and diluted in the atmosphere, and includes ordinary diffusion,
convection, and effects of the wind. A device suitable for the study of
atmospheric diffusion would find additional application in the tracing of
gases within enclosures, such as buildings, ducts, and stacks.



The reason for seeking a gaseous tracer was that particles and
droplets tend to settle out. Even if the test bodies were so small that
settling would be unimportant in isolated tests, the material would accu-
mulate during repeated tests at the same location and be dislodged by air

movements or traffic to interfere in later tests.

An ideal tracer would be a gas that is not normally present in the
atmosphere and that does not change the properties of the atmosphere.
It should be possible to measure its concentration continuously by a port-
able, relatively inexpensive, piece of equipment with sensitivity so great
that the cost of the test gas would not be prohibitive.

Freon-12 (dichlorodiﬂuoromethane), a refrigerant, fulfilled the
requirements for a tracer gas because it is odorless, colorless, nontoxic
to animals and plants, chemically inert at ordinary temperatures, readily
available, and not too expensive to use in view of the great sensitivity of
the General Electric Detector. This detector is portable and not too
expensive. Other detectors were considered, but this type seemed to be
the most promising, although it did give only qualitative indications.

This report covers studies of the commercial detector, of modifi-
cations made to it, and of experiments designed to study its mechanism of
operation. Much of the material treated here has been available previously,
but only in Quarterly and Semiannual progress reports. The results of
meteorological field tests have already been published elsewhere, and will

not be repeated here. 1

This paper is divided into 2 major sections. The first covers the
commercial detector and improvements. The second covers studies of
various processes which take place in such a device, including thermal
decomposition of Freon, sensitization of a heated ionizing surface, trans-
portation of gaseous reactants, ionization, and collection of ions.

I. THE COMMERCIAL DETECTOR AND MODIFICATIONS

A. Description of the Type H Leak Detector

' The General Electric Type H Freon detector, a compact instrument
of simple overall design, consists of a sensing unit, with a pistol grip to be
held in the hand, and a cabinet small enough to be suspended from the
shoulder. The sensing unit contains the sensitive element and a small fan
to pull the air sample through the element. The cabinet contains a power
supp'ly and a measuring circuit. The quantity measured is the ionic con-
ductivity between 2 electrodes separated by a thin layer of air at high
temperature and atmospheric pressure.




In the sensitive element, the air is drawn through the annular
channel between 2 concentric cylindrical electrodes of thin platinum. The
inner cylinder, which serves as anode, encloses a heater consisting of a
ceramic core wound with a platinum filament. The outer cylinder, which
serves as collector, is heated indirectly, by energy transfer across the
gap. The outer cylinder is supported only at the ends and is insulated
from the surrounding walls by a layer of air. The outer cylinder is
0.7 cm in diameter by 4 cm in length, and the inner is 0.5mm in diam-
eter by 3 cm, so that the gap is 0.1 cm. The potential difference across
the gap is 300 volts. The anode is operated at around 900°C.

This detector responds,with increases in the ion current, to traces
of Freon 12 in atmospheric air, in the ppm range. The device is therefore
a very effective leak detector. Since the response is not a unique function
of the Freon concentration, the original leak detector could not meet the
exacting requirements of the problem of atmospheric diffusion.

B. Modification of Equipment and Operating Conditions

The leak detector was developed into a laboratory apparatus suitable
for quantitative measurements within the range of Freon concentrations
from 0 to 10 ppm. The modified unit eventually used for the published field
teltl“ retained from the original equipment only the heater, the anode, and
the collector.

The auxiliary equipment was modified first. A strip-chart ion-
current recorder and a temperature-control circuit were added, variable
collecting potential was provided, and the gas-handling system was improved.
The circuit for temperature control utilized a thyratron triggered by a phase-
shifting network in which one arm was the temperature-dependent resistance
of the platinum heater. The gas-handling system was modified by adding a
flowrator and a throttling device, by reducing leaking, and by replacing the
fan with a vacuum pump, or, in some cases, by gas under pressure. For
mixing special atmospheres, a half-cubic-meter tank was provided.

After these modifications to the auxiliary equipment, the ion current
across the air gap was much less erratic than formerly, but it still varied
slowly with time. It was found that humidity variations were partly respon-
sible for this slow drift. To eliminate these variations, arrangements were
made to reduce the concentration of water vapor to a very low level. For
laboratory studies of the equipment, the air could be dried before any Freon
was added. For more general applications, it was possible to dry the air
with cold traps.

In general, the background ion current (without Freon) diminished
throughout the day, whether Freon was added to the air from time to time or
not. The rate of this decay was not always the same. In some cases, the rate
could be reduced or practically eliminated by adding to the air hydrogen in
concentrations of 3 or 4%.



The sensitive element and its enclosure were also modified as the
program continued. A new detector "head" was designed to
reduce air leakage, to make it possible to change the material of the col-
variable external cooling of this electrode. This
obtained, but it still did not meet the
ative results became possible under
ber of field tests were analyzed

development

lector, and to provide for
head exhibited the best stability yet
requirements of the project. Quantit
limited conditions. Samples for a num
with this equipment.

Other data obtained with this head indicated that Freon sensitivity

was the result of a multiple-step process and was not due to a simple

It was concluded that it would be necessary to control each step
his led to a differ-

reaction.
in order to achieve the desired long-range stability. It
ent type of investigation, which will be treated in Part IL

II. STUDIES OF THE MECHANISM

An understanding of the mechanism of operation of the General
Electric Type H sensitive element was sought in order to be used as the
basis for the development of an instrument more suitable for quantitative
results. The experimental investigation of the mechanism was started
with the commercial detector modified as described in Part I. It was
possible to determine the effect of heater temperature, collecting potential,
rate of flow, gas composition, time, and collector material. After a com-
bustion furnace had been added to the system, it was also possible to deter-
mine the effect of preheating the gas. The results indicated that a
multiple-step process was involved. Consequently, special apparatus of
several types was built and used in the investigation of particular steps.
The objective was to control the entire process by controlling each step.
Partial success was attained, as described below.

A. Thermal Decomposition of Freon

Analysts have found that organic fluorides are rather difficult to
decompose.(z) One of the reasons for choosing Freon-12 as an atmospheric
tracer was its great stability at ordinary temperatures. Evidence that
Freon was decomposed in the detector was obtained when the test gas was
heated in a quartz combustion tube before being admitted to the modified
commercial detector.

= The prehgating of the gas was part of an unsuccessful attempt to
§tab111ze the net ion current at a "saturation" value corresponding to an
integral number of electronic charges per molecule. The number was
expectid' to be 1, 2 or+ 4, corresponding to one CCL,F,; ion, either 2 Cl+ ions
or 2 F' ions, or 2 Cl1" ions and 2 F+ ions.



Without Freon, the "background" ion current was found to have the
same value whether the air stream was preheated or not. This background
increased with temperature in the range from 900 to 1050°C and decreased
with ix;creaning rate of air flow in the range from 6 to 180 ml/min (see
Fig. 1).

108
WITH FREON,
PREMEATED Fig. 1
WITH FREON
Effect of temperature, rate of air flow, and
4 \ preheating of the air-Freon mixture upon
: N e Ao the fon current produced in a modified
108} commercial detector, The rate of Freon
g flow was 8 x 10™ ml/min, independent of
8 Ty the rate of air flow, To preheat, the gase-

ous mixture was allowed to flow through a
combustion tube before reaching the

WITH FREON detector, Tube size was 0.8 cm inside
diameter by 30 cm heated length. The

L i L temperature was 1000°C.
BACKGROUND

00
AR FLOW RATE, mi/man

With Freon introduced into the air stream the ion current depended,
in general, upon whether the gas was preheated or not. Without preheating,
the net ion current under a constant rate of Freon flow varied in the same
direction as background, increasing with increasing temperature and de-
creasing with increasing rate of air flow. The maximum value of the net
ion current was equivalent to 2.7 electronic charges per molecule. This
value was obtained at 1050°C and 6 ml/min, respectively the highest tem-
perature then considered safe to this equipment and the lowest flow rate
considered to be practical. Preheating the gas in a quartz combustion
tube, 0.8 cm in diameter by 30 cm long (heated portion), at 780-1000°C did
not improve upon this maximum value of ion current. The net ion current
still increased with increasing detector temperature. However, in a series
of tests with the furnace at 1000°C the net ion current for constant rate of
Freon flow actually increased with increasing rate of air flow, a trend
completely opposite to that observed without preheating (see Fig. 1). This
indicated that heating of the Freon in the presence of air and quartz pro-
duced an outstanding change in the properties of the Freon. In fact, there
seemed to be 2 different processes involved, an "activation" and a slower
"deactivation," since the effect of the furnace was to increase the ion
current if the flow rate was high (180 ml/min), but to decrease it if the
flow rate was lower (25 ml/min).
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The "activation' was undoubtedly due to the thermal decomposition
of Freon to form gaseous products. This conclusion is supported by the
literature on halocarbons, 2,3) and also by the results of laboratory tests
carried out with combustion tubes at a later time. The undesirable "deac-
tivation" was probably due to the removal of the decomposition products
from the air stream, by the walls of the combustion tube or other parts,
such as the brass tubing and the screws at the entrance of the detector.

Within the sensitive element itself, the temperatures and the aver-
age transit times were normally high enough to produce partial, but not
complete, thermal decomposition. Since the ion current depended upon the
degree of decomposition of the Freon entering the sensitive element, it
must also have depended upon the probability of decomposition within the
element, and probably upon the place of decomposition. Since the flow
was laminar, the transit time varied across the channel. Due to factors
such as these, the detector itself was far from suitable for studies of the
Consequently, it was reserved for routine meas-

mechanism of operation.
uilt for the

urements, while various special pieces of equipment were b
study of specific steps of the detection process.

The first step obviously was to decompose the Freon completely
before it was made available to the next step in the process. The decom-
position step was subjected to only a limited experimental study, since
methods suitable for complete decomposition had already been developed.(z)
Two different methods wereused in preparing gaseous mixtures for experi-
ments on subsequent steps of the detection process. One was to mix the
Freon into the air and then pass the mixture through a combustion tube at
high temperature to decompose the Freon. Another method, suitable for
laboratory studies, was to use chlorine instead of Freon.

The relative effectiveness of different sets of conditions upon the
thermal decomposition of Freon were determined by permitting the gas
to flow from the combustion tube and to bubble through sodium carbonate
solutions, which were then analyzed for the take-up of chlorine. Freon
itself passed through undetected.

B. Alkali "Sensitization"

. The first detector built entirely at Argonne was sensitive to Freon
in OI:I].Y a transient manner. The background ion current, as well as the

net 10'n current due to constant Freon intake, decreased rapidly with time
and did vnot recover. It appeared that some essential factor was missing
from t?ns apparatus. It was found that the detector could be resensitized
by adding compounds of the alkali metal series. Through subsequent study,
many features of the sensitization step have been clarified, but some other
features have remained more or less obscure.



1. Alkali in the Furnace-type Unit

In designing the first research detector, the number of differ-
ent materials was held to a minimum. A straight quartz tube with vertical
axis contained 2 platinum electrodes, a wire along the axis and a cylinder
covering the inside surface of the tube. A cylindrical electric furnace was
used to heat the middle portion of the tube. The test gas flowed vertically
upward. The original transient sensitivity was probably due to impurities
or surface contaminants, which were subsequently removed gradually
from the reaction zone.

The results of 2 investigations suggested that compounds of
the alkali metals be tried as the sensitizing agents. One investigation was
the spectrographic analysis of samples obtained by washing the surfaces
of the electrodes of the modified commercial detector with dilute nitric
acid. The elements found and their suspected sources were: Cu from the
shell; Al, Si, Mg, Ca, Li, Na, and K for the ceramic heater core; Fe and Ni
from the connecting lugs of the collector and Cb, not present in all solu-
tions, source doubtful, possibly from the ceramic. In the other investiga-
tion, Freon-12 was admitted to a mass spectrometer. Before it was
admitted, a tungsten filament yielded Li, Na, K, and Rb ions. The Freon
produced a 20-fold increase in the Li intensity while the other intensities
remained essentially the same.

Compounds of the alkali metals lithium, sodium, potassium,
and cesium were tried as sensitizing agents in the quartz tube of the
furnace-type detector. The materials were added by various methods,
including dipping the electrodes into solutions, drawing vapor at high
temperature into the detector, and blowing fine particles into it. Nitrates,
chlorides, and fluorides were tried. The material in the detector was
sometimes redistributed by gaseous discharges in argon, or in mixtures
of argon and hydrogen. Treatments of this kind produced an immediate
increase in the background ion current and an eventual increase in the
absolute Freon sensitivity (i.e., the average number of ions per molecule
of Freon). In some cases, Freon sensitivity was completely lacking at
first, but developed slowly while the detector was operated. In general,
the effects of the sensitization were only temporary. Before long, both
the background and the absolute sensitivity decreased continuously with
time.

The results of these sensitization experiments left many
questions to be answered before stable quantitative Freon detectors could
be built. They did not establish where the alkali should be placed for
best results, how the sensitivity could be maintained constant for long
periods of time, which of the compounds was most effective, or what
mechanism was responsible for the sensitization. Partial answers to
these problems were sought through a survey of the rather extensive

11
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literature on the ionization of alkalis. Also, information was sought from
ations outside Argonne. On the basis of the information

several organiz
k was continued.

collected, the experimental attac

2. Controlled Sensitization

In subsequent experiments upon the sensitization step, the

o explain the mechanism of this step and to develop

hout interfering with other essential proc-

y the effect of the distribution and
temperature of alkali compounds upon the stability and halogen sensitivity
of laboratory-built detectors and to study, by independent methods, the
effect of gaseous halogen compounds upon heated alkali compounds. All
as carried out in gases at atmospheric pressure.

objectives were t
methods for controlling it wit
esses. The approach was to stud

this work w

Based upon the distribution of alkali, all laboratory-built
ionization units might be characterized as "directly loaded," "separate-
source," or "no-source" models. The directly loaded units were those
in which the ionizing surface was coated with alkali-bearing materials.

In separate-source units, the ionizing surface was not coated, but alkali
was supplied from an auxiliary heated source nearby. In no-source
models, no alkali was present, except possibly in regions at low tempera-
ture or remote from the ionizing surface.

In the laboratory-built models, the ionization was usually
produced at a filament of platinum or of Nichrome (composed of nickel,
iron, and chronium) or Chromel A (80 Ni-20 Cr); glass and ceramic
surfaces were also tried. The auxiliary alkali source was another fila-
ment, or some sort of cup or boat.

The directly loaded surfaces were found to be sources of
positive ions at temperatures above about 700°C, but they were insensitive
to Freon or its decomposition products. The separate-source units pro-
duced ions when both the ionizing surface and the auxiliary source of alkali
were heated sufficiently and the ionizing surface was made positive rela-
tive to a collecting electrode. Some of these separate-source units were
definitely sensitive to gaseous halogen compounds. No-source units gave
only low, transient ion currents, as in the case of the furnace-type detec-
tor before alkali had been added. Therefore, only the separate-source
type of unit was deemed worthy of further investigation.

. In designing units to be used in the study of the details of the
sen'51tlzation process, the source of ionizable material was isolated and
an 1ndePendent temperature-control circuit was provided for it. Two of
the designs are shown in Figs 2 and 3. The electrodes were so arranged
that vapor from the source was carried a short distance to the filament,
by natural or forced convection.
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In the earlier of these 2 models, the "injector-type' detector
of Fig. 2, two independent gas streams were merged in the space below
The purpose of this feature was to determine whether it
was necessary for the halogen gases to contact the alkali at its source, OF
whether it was only necessary for both types of compounds to contact the
This detector yielded important information about the
effects of temperature and collecting potential. However, the design was
not completely satisfactory. Its principal shortcomings were that the
field strength was not uniform at the surface of the filament and that ele-
vated temperatures prevailed at the collectors and the injector wall, also
at the outside envelope, even though external cooling was provided by a
vertical air blast. Also, the Chromel A filament appeared under low
magnification to have a nonuniform surface and to change with time. Plati-
num was not used in the flat-spiral design because it deforms very easily

after heat treatment.

the filament.

ionizing filament.

In the "closed-vessel" type of ionization unit, the deficiencies
of the injector type were overcome by means of the electrode arrangement
of Fig. 3, with the axis vertical, and by using a relatively large bell as an
enclosure. The gas enclosed by the bell was recirculated by natural

convection.

Studies of these 2 units indicated that stable operation as a
halogen detector required strict regulation of the temperature of the
source of alkali, since the ion current increased 2 to 4% per degree centi-
grade, whether gaseous halogen compounds were present or not. In con-
trast, the ion current was relatively insensitive to the filament temperature
and to the collecting potential, provided these 2 variables exceeded minimum
values. The effect of all 3 variables: boat temperature, filament tempera-
ture, and collecting potential, upon the background ion current in the closed-
vessel type of unit will be discussed below, under "Ionization and Collection."

3. Halogen Effect

In the study of the halogen effect, one hypothesis was that alkali
atoms were released from a source at a greater rate when reactive halogen
gases were present. Direct experimental evidence for this phenomenon will
be 'presented. However, it has not been proved that this is the only mechanism
which will produce a halogen-induced increase in the ion current.

. The increased rate of release of alkali was first demonstrated in
connection with studies of the thermal decomposition of Freon. Air was
passed through a platinum-lined, horizontal combustion tube containing Li,O
formed by decomposition of Li,CO;. The tube was heated to 1000°C. With
3% Freon added to the gas stream, a white deposit formed quickly in the cool
downstream end of the tube, where there had been no observable deposit
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when air without Freon had been used. Both this depositand the material left
in the heated portion of the tube gave positive tests for Li, Cl, and F. It must
be noted that the Freon concentrations were very muchhigher than usual.

A number of quantitative measurements of the rate of release
of alkali by chlorine were obtained by Mr. R. G. Hussey and the writer.
The source of ionizable material was a boat similar to the C-shaped model
used in the bell-type ionization apparatus in Fig. 3. This platinum foil
boat, loaded with potassium carbonate, was mounted on a standard taper
joint so that it would be positioned near the center of an inverted one-liter
spherical flask of dry argon during experimental runs. Flame photometer
techniques were used to measure the total amount of potassium deposited
upon the walls of the flask. Most of the deposit was inside a circle about
5 cm in diameter, directly above the boat. Boat temperatures of approxi-
mately 720°C and 790°C, higher than normally employed in ionization ex-
periments, were chosen so that techniques for sample collection and
analysis could be established while using test runs of moderate length.
Background (no halogen) experiments gave an energy of activation of 2.1ev
for the overall process. Chlorine was used as the halogen test gas to
simplify the experiment.

The results are collected in Table I.

Table I

RELEASE OF POTASSIUM FROM A BOAT BY CHLORINE
ADDED TO ARGON ATMOSPHERE

Deposits, % of Ideal(a)
Reaction Conditions
During Reaction Remainder(d) Half-life of
Remainder, hr
Temp, | Cl;, | Time, | Gross, Net.(c) Net,
c ml(b) hr % %
720 0.1 1 34 3l 21 0.8
720 0.1 2 55 49 2
791 0.1 0.5 34 26 3
808 0.1 0.5 34 26 4
788 0.1 37 21 0
785 0.1 34 18 6
794 0.2 0.5 30 26 48 0.6
27 0.1 0.25 0 0 4
(720°C)

(a) 1deal deposit calculated at the rate of one K atom per each Cl
atomn added to the argon.

(b) At atmospheric temperature and pressure.

(c) Net deposit is gross deposit less background (no Cl,) deposit
corresponding to the same temperature and time.

(d) Obtained in argon atmosphere, with no additives.
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Chlorine increased the average rate of potassium deposition every time it
was used. However, the effect was quite small in the case in which the
argon-chlorine mixture was allowed to stand at room temperature (Z7°C)
for 0.25 hr, after which the mixture was replaced with argon alone and the
boat was heated to 720°C. The nremainder" column of the table shows only
2 cases in which a substantial net deposit (above background) was obtained

by operation in argon alone after the argon-chlorine mixture had been

removed.

A complete interpretation of these results cannot be established
Determinations of the chlorine content of the

from the data themselves.
Some of the chlorine

deposits and of the exhaust gas would have been helpful.
(not over 17% was lost due to the filling of the connecting tubing and due to
thermal expansion of the gaseous mixture. If each K atom of the deposit was
bonded to one Cl atom, then amounts of Cl, ranging up to nearly one-half of
the total were left unaccounted for. Possibly these portions were pumped
out at the end of the reaction, adsorbed, or taken up in some other manner.

The amount of potassium deposited as KCIl was quite likely
intermediate between the "gross' and the "net" values of the table. Just 1%
of 0.1 ml Cl, would have been enough to cover the surface of the material
in the boat with a KCI layer 10® atoms thick, if the Cl, penetrated that
deeply. The "remainder" of Table I must have been held over in the boat
as either a layer of KCl or a mixture of KC1 and K,CO; (or K,0). It should
be noted that the melting point of KCl is 776°C, between the 2 regions used
in the experiments. During the "reaction" portion of the experiment, any
potassium leaving the boat as K,CO; or K,O might have reacted with Cl, in
the vapor phase and then been deposited as KCl. Thus, it was established
that chlorine released potassium from a heated boat at an increased rate,
but no certain conclusion was drawn as to the details of the process.

C. Mechanics of the Gaseous Medium

Nearly all the ionization experiments were carried out in a gas at
atmospheric pressure, since the proposed application of the ionization
process was the measurement of the concentration of gaseous tracers in
atmospheric air. Aside from any chemical effects the major gas may have
had, it served to transfer ionizable material to the ionizing surface, to
caz:ry heat away, and to influence the process of ion collection. The transfer
of ionizable material was essential to the operation. The other 2 effects
were, by comparison, of incidental nature. All 3 processes depended upon
tbe geometrical arrangement of the electrodes as well as upon the proper-
ties of the gas. A variety of electrode arrangements was tried, depending
upon the materials utilized and the tests that were planned, but no really
systematic study of geometrical factors was made. Sources of ionizable
ma'terial which were "downstream" from the ionizing surface operated
§atlsfactorily in all cases, except one, in which there was a narrow connect-
ing tube, which presumably removed all the ionizable material through con-
densation upon its walls.
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1. Physical Effects of the Major Gas in the Injector-type Unit

The injector-type unit was the first to be built with a separate
source of ionizable material under independent control. Most of the param-
eters studied with this unit were later reinvestigated, under more strictly
controlled conditions, with the closed-bell-type unit. However, the basic
injector principle, which employed 2 separate channels of flow, was not
duplicated in any other unit.

The electrode arrangement is shown in Fig. 2. The source
of ionizable material was an electrically heated, alkali-treated spiral
heater mounted in the open end of the injector. The tracer gas could be
introduced into either the injector channel or the main channel. This
detector was supplied with 3 separate ion collectors, which could be used
separately or connected in parallel. The ionizing filament was a flat
spiral, and the gas flowed perpendicular to its plane. Two collectors
were on the side first contacted by the moving gas stream, one on the
other side, in parallel planes, each 11 mm from the plane of the filament.
The 2 collectors on the first side were the tip of the injector heater and
a ring in the main flow channel. The collector on the opposite side of the
filament was a flat spiral. This arrangement of collectors made it possible
to obtain information about the relative rate of ion production associated
with different parts of the filament.

This detector was found to be sensitive to Freon decomposition
products (decomposed by passage through a combustion furnace) in either
channel so long as the injector heater was on. Sensitivity to these products
in the injector channel may be explained as due to an increase in the rate
of release of ionizable material, but the reason for sensitivity to decompo-
sition products inthe main channel has not been established. The rates of
flow were low, usually 30 ml/min in each channel. Under these conditions
the average linear velocity in the injector channel was 30 times that in
the main channel, so there appears to have been little chance for decompo-
sition products in the main channel to have come into contact with the
heater spiral. It was thought that material might have been releasedfrom
the outside of the injector tube, yet this tube could be removed, washed
thoroughly with aqua regia, rinsed with distilled water, dried, and replaced
without affecting the sensitivity of the apparatus to Freon decomposition
products in the main channel.

If the injector heater was turned off, the background ion current
dropped quickly to a very low value and the Freon sensitivity disappeared.
On the other hand, if the gas flow through the injector was stopped, the
background ion current just decreased to a new stable value, and the relative
halogen sensitivity (signal-to-background ratio) increased slightly over the
value obtained with equal volumetric rate of flow in both channels. Appar-
ently,ionizable material was being supplied from the injector by diffusion
and by natural convection.
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The relative rates of ion collection at the 3 collectors were
nearly the same whether halogen-bearing gases were present or not. The
major portion of the positive-ion current was made up of ions which
moved in a direction opposite to the direction of gas flow, to be collected
by the injector heater and the concentric ring in the main channel. The
exact distribution varied with the conditions of operation, but the 2 collec-
tors below the ionizing filament usually accounted for 70 to 80% of the
ion current, indicating that most of the ions were formed on the side of the
filament first reached by the gas streams. The ring in the main channel
received some 60% or more of the total ion current to the 3 collectors.

2. Physical Effects of the Major Gas in the Closed-vessel-type
Unit

Very striking gas-related differences in ion current were
observed when a comparison was made between the use of the two noble
gases helium and argon as carrier gas in the closed-vessel-type apparatus.
Under conditions as nearly identical as possible, the ion current in helium
was 5.7 times that in argon. Under the same conditions, the rate of loss
of heat from the filament in helium was 3.2 times that in argon. It was
thought that these 2 effects might be closely related. However, a study of
the possible relation indicated that the heat transfer effect was very prob-
ably due to differences in the convection processes in the 2 gases, but
that these differences alone could not account for the 5.7-to-1 ratio of ion
currents. The ion-current effect appeared to be almost entirely due to
differences in the rate of diffusion of ionizable material in the 2 carrier
gases.

The closed-vessel-type unit was designed to have a uniform
ionizing surface, a uniform electric field at this surface, and a single,
controlled, source of ionizable material. The electrodes sketched in
Fig. 3 were located near the center of a bell jar, 9 cm in inside diameter
by- 18 cm high. The unit was built with relatively wide spacings to
minimize the possibility that extraneous sources of ionizable material
might develop, due to the heating of the collectors, the electrical leads,
or.the walls of the enclosure. All electrodes were of platinum, which is
ox1datioin resistant and can be obtained as wires and sheets, quite free
gf/ a\il;z.;li:;c\:g; P:;:tseiflz Zorhsurface.contamination, which c§n be Femo.ved
e nk then flammg. Ux?fortunately,.plat¥numlxs quite
Sl expams_mng-th ? eep the vertical filament straight in spite of
e th; te(; 9wer end was attached to a .flat tungsten spring
il ol uarsczon. was very low when the filament W.as heated.
st o WhiChgserv :‘imgs were connected by‘tungsten wires to
L e lle. as supports and electrical leads through the
L A 1ocaet dJa.r. These 4 Ir.1cone1 pos-ts and the 2 u§ed far
s e belel ‘on a 6.5-cm-d1§meter circle concentric with the
. e (elect 'Ja;'- The potassium carbonate-loaded bo.at and its
e rical leads anc'l §upports) were assembled into a

standard taper joint through the base plate.
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The conditions of operation, for the results of this section,
were: (1) the filament temperature and collecting potential were high
enough so that the ion current dropped quickly when the boat-heating cur-
rent was turned off, and (2) the motions of the gaseous molecules inside
the bell were due entirely to random thermal agitation and natural con-
vection. Both gases were processed, at approximately 200 ml/min.
through 2 carbon dioxide traps (-78°C), followed by a tube, 1.6 cm in
diameter by 20 cm long, filled with small pieces of calcium metal heated
to 325°C. The filament was maintained at the same average temperature
in the 2 gases (approximately 1300°K), but optical pyrometer measure-
ments indicated that the temperature distributions along the length of the
filament were somewhat different.

The dependence of the rate of heat loss upon the gas was
observed with various types of ionization equipment, with forced flow as
well as with natural convection, and with a variety of pure gases and
mixtures. For instance, the power required to maintain the same average
temperature at the anode was greater with nitrogen than with argon, and
greater still with nitrogen plus hydrogen as anadditive. The pair argon
and helium was particularly appropriate for study because the heat trans-
fer effects differed greatly.

Standard treatments of natural convection did not seem to
be applicable to the case of the closed-bell ionization experiments. In
particular, they did not take into account the extremely small radius of
the filament, the very large temperature difference between the filament
and the gas, and the very high degree of expansion of the gas during the
convection process. An attempt to take these features into account, in
at least an approximate manner, resulted in the boundary-layer theory
of the Appendix. The line of attack was similar to that used by
H. B. Squire(") for the case of a flat vertical wall.

The theory indicated that very simple relations existed be-
tween the convection processes in the 2 noble gases when used with the
same filament at the same temperature. All the differences in the
convection mechanisms in the 2 gases were linked to a single property,
the thermal conductivity of the gas at the temperature of the filament
(1300°K), which was approximately 8 times as great in helium as in argon.
In a horizontal cross section through a given point on the filament, the
calculated thickness of the layer of moving gas varied as the cube root
of the conductivity, or as 2 to 1, but the maximum velocity was the same
in the 2 gases. The indicated heat losses varied as the + power of the
conductivity, or as 4 to 1. The ratio of the theoretical heat losses
agreed reasonably well with experiment, but the actual calculated values
were only a little more than half of the experimental values (see Table II).
This is not surprising, as some of the assumptions of the theory were
rather arbitrary.
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Table II

EXPERIMENTAL AND CALCULATED FILAMENT HEAT LOSSES.
CLOSED VESSEL UNIT. FILAMENT APPROXIMATELY 1300°K.

Helium Argon Ratio
Total power, experimental 34.6 watts 10.7 watts B,
Radiation, calculated L5 155 1.0
Conduction at ends, estimated 2.0 2.0 1.0
Convection, by difference S 7.2 4.3
Convection, approximate theory 161 4.07 4.0
Convection, empirical® 2.04 0.71 2.9

aUsing the relation obtained by Touloukian, Hawkins, and Jakob(5)
for vertical cylinders. The values reported in ANL-5755 6) were
too high because of a computational error.

A previous exploration of the heat loss problem, described
in ANL~5755,(6) contained some errors which will be pointed out. It is
now clear that it was incorrect to apply the Touloukian, Hawkins, and
Jakob 5) empirical relation for convection along vertical cylinders, since
the 2 systems were not dynamically similar. These workers used much
larger cylinders, with much smaller temperature differences, in water
and ethylene glycol. Their film thicknesses were much smaller than the
diameters of the cylinders, and the inertial forces of the gas were much
less important than the viscous forces. On the other hand, in the ioniza-
tion experiments the diameter of the moving plume of gas was verymuch
greater than the diameter of the wire, except for a very short starting
section, and the inertial forces were much more important than the
viscous forces. It was also incorrect to make a separate calculation for
the effect of thermal conduction in the gas, following the method used by
Furry, Jones, and Onsager(7) in their theory of thermal diffusion. They
worked with very long narrow channels and with small temperature dif-
ferences, so that convection velocities were very small. In the ioniza-
tion experiments, the convection velocities were high enough that the only
role played by thermal conduction was to transfer heat from the surface
of the filament to the gas in the convection current.

The ratio of 5.7 of ion currents in the 2 gases appeared to be
much too large to be attributed to the differences in convection velocities
and streamline configurations in the 2 gases. Streamlines were traced by
combining the boundary-layer theory of the Appendix with an equation for
the continuity of mass. The streamline through the center of the boat
approached the filament more closely in the case of argon than in helium,
but the transit time was less in argon, so that these effects tended to
balance out. These approximate calculations neglected the effect of the
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boat power, equivalent to 2.5% of the filament power in helium, 4.4% in
argon. Also, they neglected a possible retarding effect of the upper guard
ring and of the upper portion of the collectors upon the flow process in
helium. In spite of the uncertainties, it appeared that the convection proc-
ess alone could not possibly be the principal cause of the gas-related ion-
current effect.

Diffusion processes in the 2 gases remain to be considered.
Just above the surface of the material in the boat the concentration of
gaseous ionizable material corresponded to the vapor pressure of the
material, and therefore depended upon the temperature but not upon the
carrier gas. Material from this region diffused into the moving gas stream
and continued to spread outward by diffusion as it was carried upward by
convection. To estimate the ratio of the diffusion rates in the 2 gases,
argon in helium and argon in argon were taken as models, and diffusion coef-
ficients were calculated on the basis of classical collision theory, assuming
Lennard-Jones intermolecular potential functions.(8) The ratio was 4.0 in
helium to | in argon at the same temperature. However, the temperatures
would actually be the same in the 2 gases only at the boat, at the filament,
and outside the plume of moving gas. Elsewhere, the temperature would be
higher in the case of helium, and this would increase the effective ratio of
the diffusion rates above 4.0 to 1. To estimate a practical upper bound for
the ratio, diffusion constants were calculated, on the basis of the same
model, for points lying on the streamlines through the center of the boat
and between the horizontal planes defined by the ends of the collectors.
The ratio of the average coefficients was 6.9 to 1.

The exact nature of the ionizable material has not been deter-
mined. Argon was used as the model because it is one mass unit above
potassium in the periodic table. If the material had not been decomposed
at all and had vaporized as potassium carbonate molecules (mass 138),
xenon (131) would probably be a more appropriate model, and the above
ratios would each be raised by about 20%.

On the basis of this analysis, the ion current ratio of 5.7 may
be regarded as composed of 2 factors, 4.0 and 1.43, if the argon model is
used. The larger factor accounts for the higher rate of diffusion of ioniza-
ble material into the moving helium and through it, at constant temperature.
The smaller factor, near unity, represents the combined effects of the
differences in temperature and velocity distributions associated with natural
convection in the 2 gases.

D. lonization and the Collection of lons

lonization and the collection of the ions are 2 distinct steps
in the mechanism of the halogen-sensitive positive-ion apparatus, but they
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are so closely interrelated that they will be treated in the same section.
To promote the 2 steps, 3 features are required: (1) a suitably located
source of ionizable material, (2) a surface at high temperature, and

(3) an electric field for ion collection.

For the discussion of ion-current effects, the currents may be
divided into 3 classes depending upon the nature of their origin: (1) resid-
ual backgrounds, obtained when the regular source of ionizable material
is not heated directly, (2) backgrounds, obtained when the regular source
is heated directly, but no gaseous chlorine compounds are used, and
(3) chlorine-induced ion currents.

The effects of temperature and of collecting potential upon ion
currents were studied with various types of emission apparatus, starting
with the commercial unit. In this unit, and in some of its successors as
well, the anode, the collector, and the gas between them were heated, so
it was not possible to determine by varying the collecting potential whether
the ions were predominantly positive or negative or whether equal numbers
of each were produced by ionization in the interelectrode space. In later
units, only one electrode was heated, and it was found that the ion current
was due to positive ions formed at the surface of the heated anode. In
addition, it was found that some of the transient ion-current effects ob-
served in the early apparatus were due to adsorption of ionizable material
upon the anode.

A set of experiments made with a straight platinum filament and a
concentric cylindrical collector in dry air in a closed bell (see Fig. 3) will
be described, to illustrate the effect of filament temperature, collecting
potential, rate of supply of ionizable material, and time upon the background
ion current. This work was done with the straight boat (see Fig. 3) before
the C-shaped design was developed. The boat was charged with a small
piece of potassium carbonate, a portion of a solid formed by melting a
quantity of the powdered material in a platinum spoon by means of an air-
gas flame, then allowing the liquid to solidify.

1. General Description of Results with the Closed-vessel Unit

e Experimer.mtal results obtained at a constant boat temperature
were summarized by a 3-dimensional model (see Fig. 4) constructed
to represent the dependence of background ion current upon filament tem-
perature and collecting potential. Each of the vertical cards was cut to
relpresent a curve obtained by experiment. The entire assemblage of data
mlght be represented by a curved surface covering the 3 sides of the model
wbmh are visible in the photograph. A general description of the results
will be given first; explanations will be offered later.
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Fig. 4. Positive-ion current (upward) as a function of filament temperatures and collecting potential
at a constant boat temperature of 555°C, with dry air in the closed-vessel unit

It will be noted that the coordinates of the model are the loga-
rithm of the ion current, increasing vertically upward, 10 times the
reciprocal of the absolute temperature of the filament, and the square root
of the collecting potential, each of these increasing from left to right in the
photograph. Centigrade temperatures, increasing toward the left, are also
shown on a nonlinear scale.

At the top of the model, above numbers 1, 2 and 3, the surface
representing the data would lie very nearly parallel to the base of the
model, since the ion current was essentially independent of the collecting
potential and of the filament temperature as well. To the right of this
region, above the numbers 4 and 5, the ion current depended somewhat
upon the filament temperature but very little upon the collecting potential.
The ion current also varied somewhat with time, approaching the equilib-
rium values (plotted) by increasing rather slowly after the temperature
had been changed. If the boat was turned off after operation in this region,
ions were emitted at a decreased rate for a period of time afterward,
indicating that some ionizable material had been "stored." In the regions
of the surface so far discussed (adjacent to 1, 2, 3 and 4, 5), the ion
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current would increase with increasing boat temperature, but in the 1owe‘r
portions of the surface the boat temperature affected only the rate at W'h1Ch
an equilibrium value of the ion current was approached. In the regl(?n iy
front of 7 the current was said to be "space-charge limited." It varied with
collecting potential and slightly with time, but it did not vary Wi'th filament
temperature or boat temperature. In the region of the surface in front (?f

8, 9, and 6, the ion current depended upon filament temperature, collechtlng
potential, and time, but not upon boat temperature. Throughoiut Fhe entire
lower portion of the surface, from 7 all the way around to 6, ionizable
material was stored during operation.

2. Effect of Boat Temperature

The effect of boat temperature upon the background ion current
in the closed-vessel unit is shownby Fig. 5. As noted there, this graph is
a composite of the results of a number
of different experiments. The solid curve

T Ogmsptlglmsutlwg “":éom:éfz ogég“\“;%,: summarizes data obtained wit.h the fila-.
L 18 Bl ment temperature and collecting potential
0" —"% e LG both high enough to be on a "saturation"
£ Flime 02 5 150G plateau, such as found at the extreme top
. 8 e it of the model of Fig. 4. The dotted line
% 4 ;?;:Eil‘:","?i{:.‘i"’qf.“c“l‘:’“:“‘; HB shows a slight space-charge effect,
H & SRy as at the far left upper corner of the
;w6 Al U ) model, while JD shows the effect of too
= 9= ) ey low a filament temperature for the rate
‘;: 0 | N gV of delivery of material, corresponding
" Eflms s o e to the far right front portion of the model.
% ‘ \\\‘ The background ion current varied with
= et e .y boat temperature very much like a vapor
\ \ NL pressure. The energy of activation of
& — N I the boat effect was 1.1 ev up to about
600°C, then it increased, becoming 2.0 ev
- \ in the 700-750°C range. The reason for

09 10 12 [ 1.6 1.8 20 21

103x THE RECIPROCAL OF THE ABSOLUTE TEMPERATURE,
IN °K,OF THE MIDDLE OF THE BOAT

this change is not known. Any water of
crystallization should have gone off at a
much lower temperature, and only very
slight decomposition of K,CO; into K,0O
and CO, takes place at the temperatures
involved. (The melting point of K,CO; is
891°C. The flame photometer measur-
ments on the rate of vaporization without chlorine, described above, gave
an energy of activation of 2.1 ev for the temperature range 720-790°C.

Fig. 5. Effect of the temperature of the
boat upon the ion current with
dry air in the closed vessel unit.

3. Effect of Collecting Potential

The effect of collecting potential in the closed-vessel unit is

p'lotted in Figs. 6 and 7 for several combinations of boat temperature and
filament temperature.
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closed vessel wit, in the closed vessel unit,

No detectable ion currents (<10°" amp) were obtained when the filament

was made negative. This indicated that essentially all the ions collected
either arose at the electrodes or were secondaries produced by such ions.
Electronic emission at the collector could be ruled out because of the low
temperature (near room temperature) and the low electric field (310 volts/
cm, maximum) adjacent to its surface. Secondary ionization was very
improbable, since the energy gained by an ion from the field was dissipated
through frequent collision with molecules of the air at atmospheric pressure.

Filament Temperature at 1460°K. The collecting-potential
effects at the highest filament temperature (1460°K) are summarized in
Fig. 6.

If all the electrodes were brought to the same potential by ex-
ternal connections, the motions of positive ions produced at the filament
and at the boat would depend upon (1) contact potential, (2) gaseous diffusion,
and (3) gaseous convection. It might at first appear that the contact differ-
ence of potential would have been zero because the electrodes were all of
platinum. However, this was not necessarily true, since the filament and
the collector were at different temperatures and may have had different
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types of surface layers. If there were a contact difference of potential, it
could not be determined from the existing data of ion current vs collecting
potential because of the interference of gaseous diffusion and convection.

Even if the contact difference of potential had been just bal-

anced out by an external potential, some of the gaseous ions produced at

the surface of the filament would have moved toward the collectors, due

to gaseous diffusion. However, unless the charge density in this space
were vanishingly small, the process of gaseous diffusion would also be
accompanied by an ion-drift process, due to the electric field set up by the
whole assemblage of gaseous positive ions. The potential would then pass
through a maximum in the space between the electrodes.

Gaseous convection currents parallel to the heated vertical
filament also played a role in the motions of the ions at collecting poten-
tials close to zero. Since the convection velocity was zero at the surface
of the wire, ions formed there would first diffuse into the stream, then be
carried upward and continue to diffuse.

As the potential of the filament was increased relative to that
of the collectors, the ion current rose steeply with the potential at small
values of the potential, then levelled off rather abruptly at values of the
ion current which depended upon the boat temperature. At points of the
steep part of the curve in Fig. 6, the ion current did not increase when
the boat temperature was increased. Also, the ion current did not drop
at once to the "boat-off" value when the boat-heating-current was turned
off, but continued at elevated values for a period ranging from a few min-
utes to many hours, depending upon specific conditions. In some experi-
ments of short duration, the charge recovery during this period was
nearly perfect, as judged by the actual ion current and the saturation value
at the same boat temperature. In experiments of longer term the recovery
was less efficient.

The high rate of increase of ion current with collecting poten-
tial at small collecting potentials (see Fig. 6) appears to have been due
primarily to a decrease in the rate of diffusion of gaseous ions back to
the filament. The small electric fields near the filament would not have
had any significant effect upon the probability of ionization at the surface.
This effect will be discussed later.

: The lower portion of the family of experimental curves in
Fxg. 6 agrees quite well with the prediction of an old, simple theory of
ion collection in a gaseous medium. The development below follows
Thomsons' Conduction of Electricity Through Gases, Third Edition,(9)
but .uses cylindrical coordinates in place of Cartesian coordinates. The
basic assumptions are: (1) gaseous ions are emitted at the filament at a
constant rate, independent of the external electric field, (2) gaseous ions




adjacent to the filament are in thermal equilibrium with the neutral gas,
(3) all ions which collide with the filament are neutralized, and (4) the ion
current in the interelectrode space is entirely due to a radial drift velocity
proportional to the local value of the electric field.

The electrodes are 2 long coaxial cylinders of radii a and b
with a ¢ b. The inner one is the emitter of positive ions and has the higher
potential. In the interelectrode space, the electrostatic potential V and
the positive charge per unit volume, p, are related to the radial distance r
from the axis of the cylinders through 2 differential equations: Poisson's
equation of electrostatics,

1 d dVv
vy = —— _—) = .
( dr) 4mp (1)
and an equation for the steady-state current due to the outward drift of ions,

i = 2nrpu (— 1—‘,) ’ (2)

r

in which i is the current per unit length of the filament (independent of r),
u is the ion mobility, assumed to be a constant, and all electrical quantities
are expressed in absolute electrostatic units to be consistent with the con-
stant 47 used in Poisson's equation.

Elimination of p from the 2 differential equations yields

dv) d4 ((4dV) _2i (3)
r ar/ dr dr v x '

which may be integrated in two steps. The first integral,

P d
(r ﬁ) s 2 r’ + constant (4)
dr M

may be rewritten as

_dv _ (Z-i)"‘ (r2- pHv2 (5a)

dr " 4

or as

dr m r 4 (5b)

av (zi)‘/‘ + r¥)ve
M

a7
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i i i ion. The quantities
depending upon the sign of the constant of integration .
/Slpyz (Zig/p)‘/z, (x2 - p2)V2, and (y? + r?)Y2 are all taken as positive (or zero).
’ hosen on the left-hand side of equations 5a and 5b be-

A negative sign is ¢ ) '
trode was assumed to have the higher potential.

cause the inner elec

The second integrals are given in most tables, or they may be
derived by changing the variables. They may be written as

-\1/2
Vi) - Vib) = (—";;) ) A (6)

in which V(b) is the potential at the outer electrode (r = b) and f(r) is given
by

£(r) = (£ - p2)Y? - Bcos™! (B/r) (7a)
f(r) = (yz + rz)l/Z - vln M (7b)

= v =i ’
According to convention, f and y are positive (or zero) and cos (ﬁ/r) is
in the first quadrant.

Two boundary conditions are required. One is very simple:
let

V=0 at r = b . (8)

The other is based upon a relation from the kinetic theory of gases. If
there are n particles of a particular kind per unit volume of gas near a
surface and their root-mean-square (rms) velocity of agitation is C, then
nC/(éﬂT)l/2 such particles will strike unit area of the surface per unit time.
If these particles are positive ions near the filament and if each carries a
charge e back to the filament, the current due to this backward diffusion
will be neC/(()Tr)l %, in which ne is just the charge density near the filament,
P1- Accordingly, the second boundary condition may be written as

2Ta plc/(éﬂ')l/z =1-1 3 (9)

in which I represents the gross rate of emission per unit length of the
filament. Combining this with the first integrals (equations 5a and 5b) and
the second of the original differential equations (2), all evaluated at r = a,
the radius of the inner electrode, one obtains

fopeafi i) (0

127 (1~ 4)
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It is clear that the 8 form of the solution will be applicable near i = 0, and
the y form near i = I; the two forms agree when £ =7 = 0.

Since a <<b in the experimental set up (a/b = 1.15 x 1072,
A<< b for all 5 and the relation between the ion current and the potential
at r = a may be reduced to

Via) = 2i/u)V%b . (11)

The same equation is also applicable for the lower currents in the 7 range
so long asy << b. When the data of the uppermost curve of Fig. 6 and 7
were replotted as i¥? vs V(a), the result was very nearly linear up to the
sharp bend of Figs. 6 and 7 (above 17 volts). To determine a value for the
mobility u, a straight line was drawn through the higher voltage points

(7 to 15 volts, 0.3 to 1.2 x 10™? amp), assuming that small deviations at
lower voltages were due to forward diffusion and convection effects. This
line gave a mobility of 2.6 cm‘/volt-sec and an apparent contact difference
of potential of 1.8 volts to be added to the externally applied potential. This
calculated mobility is of the same order of magnitude as published values
for relatively large ions in a gas at atmospheric pressure. In fact, it is
quite close to the value 2.7 cm?/volt-sec given for K" in N, by the American
Institute of Physics Handbook. (10) Simple estimates of the effect of forward
diffusion and of convection in the range from 7 to 15 volts indicated that
each of these was small relative to the mobility effect, but not negligible.
They would be expected to affect the ion current in opposite directions.

Due to the geometrical arrangement of the electrodes, (a <<b),
the values of I, C, and a did not enter explicitly into the determination of
the mobility. This was fortunate, as the value of I was not known. It was
not given by the high-current asymptote of the uppermost curve of Figs. 6
and 7, since experience has shown that an increase of the boat temperature
would give a higher asymptote, but would not change the lower part of the
curve. Since I was defined as the gross rate of emission, each ion was to
be counted each time it was emitted, independent of whether the same atom
had been ionized at the filament one or more times before. It is possible
that the assumptions made at the outset of the theory might have been
relaxed somewhat without affecting the above calculation of mobility. For
instance, it might have been assumed that a fraction of the ions which re-
turned to the filament were reflected, while the remainder were neutralized.

Along the nearly horizontal portions of the collecting-potential
curves obtained at a filament temperature of 1460°K, the ion current was
controlled primarily by the rate of supply of ionizable material. The slight
increase of ion current with voltage was attributed to a decrease in the
effect of vertical convection currents.
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At Lower Filament Temperatures. Under the conditions of

low filament temperatures and relatively high boat temperature, repre-
sented by the lower 2 curves of Fig. 7 and the segment JD of Fig. 5,
the ion currents exhibited transients which settled down to values

that were independent of the boat temperature at all collecting potentials,
even the very high ones. These equilibrium values of ion current were
lower than the rate-of-supply- limited values just discussed. At least part
of the ionizable material which was supplied to the filament but not col-
lected as ions was deposited upon the filament and could be ionized sub-
sequently. The amount thus recoverable increased with time, even after
the ion current transients had disappeared. The equilibrium ion currents
varied with the filament temperature according to the steep line of Fig. 8,
indicating that the rate-controlling step was associated with the filament;
the energy of activation was 4.2 ev. The nature of the 4.2-ev step remains

unknown. Also, the exact
TEMPERATURE OF THE MIDDLE OF THE FILAMENT,IN °c
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drift velocities of the ions are no longer very small relative to the random
thermal velocities. At the higher drift velocities, the ion mobility is not a
constant, but varies with the t’ield.(l 1) and, in addition, the rate of back
diffusion is not given by simple gas kinetics. Also, the higher voltages
may increase the rate of ionization by lowering the potential barrier that
must be crossed as an ion is emitted.

The enhancement of the rate of surface ionization by an external
electric field was first discussed by Schottky,(“-) and the effect has been
associated with his name. He assumed that an ion which had been separated
from a conducting surface by a distance equivalent to a number of atomic
diameters was still weakly bound to the surface by an "electric image"
force, of magnitude e®/(2x)? dynes if the charge was e statcoulombs and
the distance from the surface x cm. An external field E directed outward
would tend to oppose this force, and the ion would be free when the net
force dropped to zero. This would occur at a distance from the surface
given by the relation

eE = e*/(2x')? (12)

x' = -;—(%)w . (13)

In the present problem, the minimum value of x' would be 115 A. The
electrostatic potentials associated with the above forces are shown in
Fig. 9. The potential difference -e/4x, measured from the potential of
the surface, corresponds to the
image force, whereas -Ex corre-
sponds to the applied field. The
combined potential would have a
maximum at x = x', where its
value would be (eE)Vz statvolts
below that at the surface. Accord-
ingly, the rate of emission would
be increased by the factor

or

exp [e(eE)vz/kT] .
Fig. 9. Effect of an extermnal electric field E upon the

al barrier ov by an lon emitted . . 4
from the conducting surface {Schonky effec), P Wh‘c.h k is Boltzmann's constant
Electrical quantities are to be measured in and T is the absolute temperature.
absolute electrostatic units, distance in cm. This might be represented by

straight lines on Fig. 7, with the
ion current increasing in the range from 0 to 1800 volts by a factor of
2.12 at 680°C and of 2.16 at 655°C. The upper part of the experimental
curve at 680°C has less slope than calculated, whereas the 655°C curve

has more.
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4. Effect of Filament Temperature

The effect of filament temperature in the closed-vessel unit
(see Fig. 3) has already been touched upon in the above discussion. For
convenience in the discussion, Fig. 8, obtained at a collecting potential
of 130 volts has been divided into 3 regions which have been labelled
"high-temperature region," "intermediate-temperature region," and

"ow-temperature region."

In the high-temperature region the ion currents varied with
boat temperature (compare with Fig. 5), but not with filament temperature,
nor with time, except for a warm-up period after the equipment had been
off for some time. When the boat current was turned off, the ion current
dropped very quickly to its boat-off value.

On the other hand, in the low-temperature region, the ion
current tended to be of a transient nature, approaching equilibrium values
which depended upon the filament temperature, but not upon the boat tem-
perature. Recoverable ionizable material was stored, as discussed in
the section on Effect of Collecting Potential at Low Filament Temperature.

In the intermediate-temperature region, the ion current de-
pended upon both the boat temperature and the filament temperature.
Possibly different mechanisms predominated at different points on the fila-
ment, since the temperature varied along the length, due to convection
cooling and conduction toward the ends. However, the temperature spans
covered by the curved portions of Fig. 8 were greater than the maximum
temperature differences between points on the active part of the filament,
by factors of at least 2 for the lowest curve to at least 5 for the highest.
The temperature of the midpoint of the filament was used in plotting the
curves. Striking transient effects could be produced in the intermediate-
temperature region. If the filament temperature was lowered from a
value in the high-temperature region to one in the intermediate-temperature
region, the ion current dropped sharply, then rose slowly to a value corre-
sponding to a point on the curved portion of the graph. The transient rise
lasted for more than an hour in some cases. Under some conditions the
ion current increased by a factor greater than 10. Recoverably ionizable

material was deposited upon the filament during the ion current increase
and also afterward.

5. Practical Significance of Ionization and Collection Effects

When quantitative measurements of chlorine-bearing gases
are attempted by positive-ion-emission methods, 2 prominent difficulties
are the lack of reversibility and of reproducibility.(13) The modified
c-ommercial equipment used in making the field tests gave a reproducible
linear response so long as the concentration of Freon did not exceed
10 ppm.{l) If more was used, the response was nonlinear and the subsequent
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return to the value for zero concentration was slow. In several new com-
mercial units which were tested, the useful range for quantitative meas-
urements was evenless than from 0 to 10 ppm. The results just discussed
indicate how it might be possible to extend the range of usefulness of the
positive-ion-measuring method.

The products of high-temperature thermal decomposition of
Freon produce an increase in the rate of release of alkali from the surface
of a heated alkali compound such as the carbonate. This has been demon-
strated in combustion furnace tests and also in flame tests. Quantitative
rate-of-release tests using chlorine have been discussed above. The intro-
duction of Freon has an effect similar to an increase in boat temperature,
with all other variables held constant. It has not been established whether
this is the only effect of Freon.

A surface covering the model discussed previously (see Fig. 4)
would be a 3-dimensional graph of the ion current as a function of the fila-
ment temperature and collecting potential for one rate of supply of ionizable
material, that corresponding to a boat temperature of 555°C. Similar
models might have been constructed for other rates of supply if more ex-
tensive data had been obtained. However, it is not necessary to complete
more models in order to show the relation between them, since Figs. 6 and
8 picture cross sections of a number of such models. A change in the rate
of supply of ionizable material would produce a nontransient, reversible
change in ion current only if the filament temperature and the collecting
potential were each high enough so that the ion-current values, before and
after the change, both fell upon the plateaus of the 3-dimensional graphs
corresponding to the 2 rates of supply. It is necessary to fulfill this con-
dition in order to make quantitative measurements. To provide a long,
useful concentration range, the filament temperature should be as high as
possible, the collecting potential as high as possible without danger of
gaseous breakdown, and the rate of supply of alkali as low as possible.

Ion currents exceeding the useful range should be avoided, if possible, or,
as a relatively poor second choice, stopped quickly after they appear. The
geometrical arrangement of the electrodes should be so arranged that the
gas makes good contact with the source of ionizable material and the mate-
rial from this source is spread over a large area of the ionizing surface.

The modified commercial detector used for field tests had
been operated so as to satisfy some of the above requirements. The sensi-
tive unit had been operated for a very long time, so that its background
was very low, even at high temperature. Also, both the temperature and the
collecting potential were maintained at relatively high values. However,
the mechanism of the commercial unit is complicated by the fact that the
collector is heated, so that ions which have been collected may be released
subsequently as neutral particles and then possibly be ionized again.
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4. The Effect of Various Gases upon Ionization and Collection

For the practical application of the positive—ion—emission
method to atmospheric diffusion studies, the gases of interest are the
normal constituents of the atmosphere at the test site, the tracer gas, and
any other additives, such as the hydrogen used in the published field
tests.(l) For studies of the mechanisms of operation of the measuring de-
vice, any gas is of interest if it affects the operation.

The effects of gases singly and in combination have been only
partially investigated. The following have been used sometimes as the
principal or carrier gas, at other times as an additive: air, nitrogen,
oxygen, carbon dioxide, hydrogen, helium, and argon. Gases used only as
additives include water vapor, methane, propane, butane, and ethyl alcohol,
beside trace quantities of halogen-bearing gases. The carrier gas in a
positive-ion apparatus serves as a transfer medium, and in addition some
of its components may enter into reactions with gases or solids. The
effects of the transport properties of the gas are reproducible and are
reasonably simple in principle, although, as noted above, they may be
quite difficult to describe with equations. The effects of the reactive or
chemical properties have been found to be much more difficult to evaluate.

It was observed during the earliest studies with the commercial-
type detector that water vapor and hydrogen could affect the ion current.
In order to make measurements upon atmospheric samples without inter-
ference from water vapor, a cold trap was used which would pass Freon-12
but would reduce the concentration of water vapor to a very low level. The
mechanism through which water vapor affects the ion current is not known
with certainty. However, it has been established that the potassium
carbonate-containing boat in the closed-vessel type of equipment can take
on water vapor when cool and release some of it when heated. Unless it is
heated extremely slowly, the salt may decompose explosively and contami-
nate the filament with fragments.

With the commercial-type sensitive element, 3 or 4% hydrogen
added to the air stream lowered somewhat the background ion current and
also the ion current due to Freon, but it increased the stability of operation.
The mechanism is not completely understood. At least part of the hydrogen
was burned in the detector, so that the exhaust gas was moist even though
the entering gas was dry.

. When the noble gases argon and helium and the relative stable
gas. nitrogen were each used alone in the closed-vessel-type unit, and when
helium and nitrogen were used as additives to argon, the background ion-
.currenf‘, effects associated with change in gas composition were essentially
immediate, reproducible, and reversible. The difference between argon
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and helium was attributed to the difference in their physical properties.
Nitrogen also seemed to be a nonreactive medium. In retrospect, it ap-
pears to be very improbable that the effects of residual air, of oxygen
in particular, were ever completely removed from the apparatus during
these tests, in spite of a gas-preparation train and of repeated pumping
and refilling of the reaction vessel. To remove oxygen completely, it
might be necessary to build a system that could be baked out and to pro-
vide a gettering device inside the enclosure.

Large background ion-current effects could be produced by the
use of small amounts of hydrogen and oxygen, singly and in combination,
in an atmosphere of argon that had been passed through a purifying train
consisting of a solid carbon dioxide-alcohol trap (-78°C) for water and
hydrocarbons, hot copper (about 700°C) for oxygen, hot cupric oxide (about
700°C) for hydrogen and carbon monoxide, "Ascarite" (a sodium hydroxide
prepara(ion) for carbon dioxide, and a second solid carbon dioxide-alcohol
trap and a magnesium perchlorate trap for water passed by the first or
produced later, and finally hot magnesium pieces in a stainless steel tube
(about 700°C) for nitrogen. The results of several type of manipulation are
presented in Fig. 10 and its legend.

FILAMENT TEMPERATURE,*K
0 1600 1400 1200 000 ]

A AT SEE T T

O ) Y

Fig. 10

T

Positive ion current as a func-
tion of filament temperature,
additives, and ume, Curve (1)
represents average of data after
long runs (16 to 64 hr) in argon
plus 0.33% hydrogen. Curve (2)
was obtained after refilling
with argon + 0.33% hydrogen
and using the "flashing™ pro-
cedure indicated by ABCDE,
with AB and CD representing
the effect of ume, BC and DE
the effect of temperature,
Curve (3) shows the effect

of adding a trace of oxygen to
argon plus 0.33% by hydrogen
while conditions corresponded
o Curve (2).

"

10N CURRENT IN AMPERES
8
[]
T T Ty

LR RAL |

T

o 1 1 1 i | A L : L

os or os o ) (X} ) (R} .

OY I FILAMENT TEMPERATURE, IN *X)



36

o reactions in the bell, combining chemi-
There seem to be at least 2 separate
the filament (flashing, see Fig. 10)

(a reduction in the degree of carry-
hlorine had been removed).

Apparently these gases entered int
cally with other gases or with solids.
hydrogen effects, one associated with
and the other associated with the boat
over of the chlorine effect after the gaseous ¢

Atmospheric air may contain traces of organic gases. Propane
(C;Hg) to the extent of 100 ppm in argon was found to produce marked changes
of the filament. After a few hours, the filament developed an uneven, spotty
appearance as viewed through an optical pyrometer with red light (6500 jgx)
At the same time, there was an increase in the amount of power required
to maintain the filament resistance at a constant value. If the filament was
turned off and observed at room temperature, it appeared to be dull or
dark when viewed directly or at low magnification. The pattern of the
variations of ion current with filament temperature, collecting potential,
and boat temperature suggested that some ionizable material had been de-
posited upon the filament. These changes could be prevented by using an
excess (0.33%) of oxygen along with the propane. Less extensive tests
were made with other organic compounds. Butane (C4Hm) and ethyl alcohol
(C,HsOH) appeared to be similar in action to propane, but methane (CcHY)
had little or no effect. As a plausible explanation, it is suggested that the
organic compounds were decomposed and the filament was coated with a
nonuniform deposit of carbon, which changed the emissivity of the surface,
and which possibly trapped a quantity of ionizable material.
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APPENDIX

THEORY OF NATURAL CONVECTION NEAR A SINGLE
VERTICAL FILAMENT AT HIGH TEMPERATURE

The approximate theory of convection derived below has been
applied in the body of the report to provide semiquantitative explanations
of the effects of the physical properties of the carrier gas upon the ob-
served ion currents and rates of heat loss. The general equations are not
integrable into closed forms by standard procedures, but 2 special cases,
those of a "thin film" and "thick film," are easy to handle. The deriva-
tion is based upon the boundary-layer concept introduced by Prandtl and
developed by Kramer, Frankl, and others. The steps of the development
are similar to those used to obtain a published theory of a heated vertical
pllte.(l-z) The calculated rates of heat loss are somewhat more than
one-half the experimental rates, in both thin-film and thick-film exam-
ples. It is suggested that this is due, at least in part, to the inadequacy
of the functions which were chosen to represent the temperature and
velocity distributions along a perpendicular to the heated surface.

General Case

Because of the symmetry around the axis of the vertical wire, the
problem was set up in cylindrical coordinates, with the positive Z axis
oriented vertically upward. As in the corresponding theory for a flat
vertical plate, 2 horizontal planes were drawn an infinitesimal distance
apart and attention was fixed upon the fluid enclosed between these planes
(see Fig. Al). The time rate of change of vertical momentum was equated
to the applied vertical forces (buoyant and viscous forces). The heat flow-
ing into this section by thermal conduction in a horizontal direction was
equated to the heat flowing out by mass motion in a vertical direction,
neglecting internal heating due to the viscosity of the gas. It was assumed,
as is usual in boundary-layer theories, that the vertical component of the
gas velocity dropped to zero and the temperature
dropped to its constant static value at a finite
radial distance from the wire, r = R(z) (a func-
tion of z), and that the horizontal gradients of
the 2 variables vanished. To be rigorous, it
would be necessary to allow these quantities to
approach zero asymptotically as r approached
infinity, but from the practical standpoint, they
may be neglected beyond a certain finite R.

| ——

The equations for momentum and energy
Fig. Al are, respectively:
Cross section of volume element -a- R R >
considered in equations 1, and 2, azf pul2mrdr = g/ (po-p)2nr dr - 2ma (r)g“-)r
a a Or v=a

(1)
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and

R
aif puCy(T = Tg) 2mrr dr = - 272 (k %%) ) (2)
z 5 r=a

where the common factor 27 has been retained to indicate that 27r dr is
an element of area. The variables p and T represent the local density of
the gas and the absolute temperature, respectively, whereas po and Ty
denote the values a long distance from the filament. The remaining vari-
able, u, is the vertical component of the velocity. The constants are g,
the acceleration of gravity, Cp, the specific heat at constant pressure
(independent of the temperature in the cases studied), 7, the viscosity, and
k, the thermal conductivity. The lower limit a is the radius of the wire.
In deriving these equations, the procedure was analogous to that in the
flat-plate case, except that it was not assumed(3) that (po - p) was much
less than pg, or that (po - p)/(T - T,) was a constant, or(4) that T - T, was
much less than To. In fact, (T - T,)/T, was to vary from zero to 3.33 in
the region near the ionization filament. In view of this, the relation be-
tween density and temperature was expressed by Charles' Law:

T = peTy , (3)

which was valid because the difference in pressure between the 2 ends of
the wire was negligible relative to atmospheric pressure. It should be
noted that, due to the conservation of mass, the radial component of the
velocity could not possibly vanish all along the surface defined by r = R(z).

The next step was to assume that the distributions of density and
vertical velocity component could be represented by

po- p=(po- pP)E(E) (4)

and
u = U(z)G(&) ) (5)

in which P1 is .the density of the gas at the temperature of the wire, U(z) is
a proportionality factor depending upon z only, and F(£) and G(€) are func-

tions of r only, expressed in terms of a new variable &, which is defined
by the relation

ezR-a ’ (6)

This variable £ varies from zero at the outer edge of the boundary layer

(r = R) to unity at the surface of the wire (r = a). See Fig. A2. The



functions F(£) and G(£) and their first derivatives must all vanish at the
outer edge of the boundary layer (£ = 0) to satisfy the assumptions made
in deriving the differential equations. The value of F(£) at the wire

(£ = 1) must be unity, and G(£) must vanish, since the value of p is p,
there and it is assumed that there is no slip. These properties are
summarized as follows:

F(0) = 0 3 F'(0)
G(0) =0 ; G'(0)

"

0 3 F(l)
G(1)

"
—

"
o
"

<

(7)

Fig. A2

Particular temperature and velocity distribution functions F and G in
terms of the dimensionless variable & = R-r/R-a. Equations are
F(£) = £2and G(§) = £20-¢).

° ¢ '

The assumption that a single F(£) and a single G(£) are adequate
to describe the density and velocity distributions at all values of z is
probably one of the weaker parts of the theory. There is experimental
evidence for the similar assumption made for the case of the plane wall,
with the temperature difference between the wall and the gas, T, - Ty,
much less than the initial absolute temperature of the gas, T,.

The density and velocity distribution functions defined above equa-
tions (4,5) were substituted into the momentum and energy equations (1,2),
and the running variable was changed from r to £. The product rdr was
replaced by its equivalent

rdr = -a%[6(1- &) + 1] dE (8)

involving the dimensionless variable &, defined by the equation

b(z) = -R—(—';L"i . (9)

The limits of the integrals were changed correspondingly. The momentum
and energy equations (1,2) were thus reduced to the following system of
first-order ordinary differential equations:

at L Uts(Kes +Ly) = g 2B a2p(k, 5 4L, + AU ()Y (10)
dz Po Po &
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d _p g B (11)
aZ?Z-Ué (K0 +1L,) = Plal 5 )

in which v, is the value of the kinematic viscosity:

= (12)

at the temperature of the wire, &, is the value of the thermal diffusivity:

= fCgp (13)
at the same temperature, and the 6 positive constants Kj, and Li, i = 1,2,3,
are the values of the integrals
1
K =f1 (1- &) H;(E)aE Ly :f H;(£)dE
0 0
H,(€) = F(§) H,(€) = F(E)G(E) (14)
m(g) = [1 - B8 FE)GE)F

Two Special Cases

The 2 ordinary differential equations (10,11) are more complicated
than those derived for the plane-wall case because of the presence of the
terms involving K,, K,, and K;. Consequently, it does not appear to be pos-
sible to obtain a general solution in a closed form. However, in case the
constants K;, K,, and K; may be neglected relative to L;, Ly, and L;, re-
spectively, the equations take the same form as in the case of the plane wall,
and therefore they lead to the same type of solution. This "thin-film" solu-
tion is applicable in case the cylinder has a relatively large radius, or in
case the temperature difference is small. However, under the conditions

of the high-temperature ionization experiments in argon and helium, the
relations

(Thin)  8<< Ki/Ly 3 i=1,2,3
were satisfied only at the extreme lower end of the filament. This sug-

gested that a useful approximate "thick-film" theory might be obtained by
making the alternate assumption:

(Thick)s Ki/Ii<< 6 5 ii = 1,23
The same method of integration may be used for both special cases,

tl'.lin film.and thick film. Since z does not appear explicitly in the general
differential equations (10,11), an equation relating only U and & may be



obtained by eliminating dz. The general U,& differential equation has the
form of Abel's equation of the second kind.(5) Either of the 2 approxima-
tions to this equation may be integrated by use of an integrating factor of
the form UP$9, in which p and q are constant exponents, different in the
2 cases. The solutions are

Thin: U”’x' 534 Al [U - F’% 6‘] = constant (15)

Thick: 4+(5A/2) gs¥sA A ) e
ick U & U )\_+%87.§) & constant : (16)

in which A and u are positive constants representing combinations of
the coefficients in the differential equations:

. (e -c'(l))
3 @, (Po (F'(ls
(17)
o ga® plpo-p) 1 KK,
o pi F'(1) K, '

and A' and u' are similar positive constants with each K replaced by
the corresponding L. (The constants A and )' are dimensionless, whereas
4 and y' have the dimensions of velocity.)

There is considerable similarity between the 2 families of solu-
tions, (15) and (16), in the region of interest, namely, the first quadrant
of the U, & plane (see Fig. A3). If the constant of integration is positive,
U approaches infinity as & approaches zero. If the constant is negative,
6 approaches infinity as U approaches zero. Only if the constant of in-
tegration is zero can U approach zero as & approaches zero. The origin
is a singular point in both special cases, also in the general case. Both
axes U = 0 and & = 0 satisfy the U, & differential equations.

Fig. A3
Asymptotes approached by U, 5 relation.

A, thin film, forsmall § U= [C’;/(C:l)"]'2

B, thick film, for large 5, U= (c,/cg)l”

In the thin-film case, if the boundary conditions are chosen to be
the same as in the plane-wall case:
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Thin: U =0, 6=0 atz =0 5

then the parabola

Ehine i :—X—W‘u—mbz (19)

is the only solution which is physically significant. If this relation is
substituted into the thin-film approximation of the second of the ordinary
differential equations (11 ), the resulting equation may be integrated at

once to obtain
Thin: U=Cllz-zg® : 6=Cila-z* (20)

in which the constants C{ and Cj are combinations of the coefficients of
the differential equations and zg is a constant of integration, which must
be set equal to zero to satisfy the thin-film boundary conditions (18).

The thick-film case is applicable only for large &, great relative
to Li/Ki’ i =1,2,3. Accordingly, the constant of integration in (16) need
not be restricted to zero. The first quadrant of the U, 6 plane is divided
into 2 regions by the cubic (see Fig. A3)

U = GE (21)

A+ (8/5)

If the constant of integration is positive, the integral curve lies within the
region bounded by the U axis and the cubic, and approaches both these
boundaries asymptotically with increasing U. If the constant of integration
is negative, the corresponding integral curve lies on the other side of the
cubic, in the region bounded by the cubic and the & axis, and approaches
these boundaries asymptotically with increasing . Accordingly, all possi-
ble physically significant portions of the solution (16) approach the cubic
(21) from one side or the other as U and 6 both become large. For any
given curve of the family, the U deviations from the cubic vary approxi-
matelv as 677 or U-(1"3), and the & deviations approximately as 67!? or
10/~ 19/3 for A<<1 as in the ionization experiments.

- The parabola (19) and the cubic (21) represented by A and B of
Fig. A3 are asymptotes approached at U and & very small and U and 6
very llarge, respectively. The corresponding U, z and 0, z relations
are: in the thin-film case, equations (20); in the thick-film case,

U=Cilz-z)® 5 8=Cy(z-m)® (22)

in wh.ich C, and C_z are combinations of the coefficients of the 2 thick-film
equations and z, is a constant of integration, yet to be evaluated.
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To determine whether or not the asymptotic thick-film solution
(21,22) will be useful in a particular problem, it is necessary to evaluate
the various constants numerically. The constants C,, C,, C}, and C} were
introduced above to represent combinations of the constants of the differen-
tial equations:

PolPo- A) 4L, F'(1) 1

Thin: G1) = .
2 B0 R TR )
P w4 Fr-ar()] L,
— ga po-p 3 L,L, v (23)

v, P 5 LsF'(1)

2
N' = e—¢4[==] —
@, (P.) 3 Lzl-G'hH

tag Po(Po- £) 6K F'(1) 1

Thick: Cj§ = =
! P2 SK.[-G'(N)] N
2
$ o+ p_ 6 F()[-G'(1)]
o gat Po-py 5 K\ K, " 4

Ny P_o)' 8 KF(l)
o Al 5 K[-GTM]

In these equations p,/p, and (P, - P£,;)/ P, depend only upon the tempera-
ture conditions of the problem. The values of F'(1), G'(1), K,, K;, L,, and
L; depend only upon the functions F and G chosen to represent the radial
density and velocity distributions. The values of K; and L; depend upon
both the temperature conditions and the radial distribution functions. Only
the diffusivity @, and the kinematic viscosity ¥, depend upon the particular
gas used.

Application to lonization Experiments

To approximate the conditions of the ionization experiments, the
temperatures of the gas and the filament were taken as T, = 300°K and
T, = 1300°K, respectively, and the corresponding density ratios became
po/p1 = ¥ and (po - p1)/P, = . The radius a of the wire was 0.015 cm.
The value of the diffusivity at the temperature of the filament was taken
as a;, = 19.88 cm‘/lec for helium and as 2.52 for argon, based on conduc-
tivities computed for 1300°K by the use of room-temperature values and
classical collision theory, assuming Lennard-Jones intermolecular poten-
tial functions.(6) The Prandtl number v,/a, was taken as { the value of
classical collision theory for monatomic gases.
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The simplest polynomials which satisfy the conditions (7) required
of F(£) and G(€) at €= 0 and £ = 1 are (see Fig. A2).

FUE)ys B2 oo GLEJ= nERblRE RN (25)
in which case
Bl =2y - et S 1/105 ; K =2.655x107°
SEI) = T ) s BB . L,= 1/30 5 L= 6471x10%
(26)

The constants of the asymptotic thick-film and the thin-film solu-
tions turn out to be:

Thick Thin
N = 17.42 N' = 12.82
G = 1306 le/z/sec Cy = 171.6 cml/z/sec
He: C, = 90.39 cm~ ¢ He: Cj = 422.5 cm ¥4
AGE, - 454 e le Ay G = 0N Gt

It is to be noted that N and N' are much larger than UI/OLI, so that if the
viscous forces at the surface of the wire were neglected relative to the
inertial forces (by setting ¥; = 0), N and N' would be decreased by only
4 and 5%, respectively, C, and C} would be increased by about 2%, and C;
and C} decreased by about 1%.

The coordinates U,, 0, of the intersection of the quadratic and
cubic U, & relations (see Fig. A3), and the corresponding vertical distance
z} determined by the thin-film relation (20) are:

Helium Argon
6, = 5.404 6, = 5.404

U, = 2.806 x 1072 cm/sec U, = 2.214 x 10! cm/sec

28 =2 p T d0nE o Cal = LG s 10T cnn

The value of 0, is somewhat greater than I_,l/K1 = 4, LZ/Kz = 3.5, and
L3/K3 = 2.430. The values of z| are so small relative to the length of the
wire, L = 8.1 cm, that it is reasonable to neglect the starting section
completely in considering the conditions near the upper end of the wire and
to use the cubic U, 6 relation (21) and the corresponding z equations (22)
with z, = 0. To check on the validity of this approximation, the general
differential equations for argon were integrated by an approximate numerical
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method, and the values of U and & obtained for the top of the wire were
about 1.5% lower than those given by the thick-film equations. As the
calculated U, & relation made the transition from quadratic to cubic, for
values of U near U, (see Fig. A3), the values of & dropped to 80% of the
values given by the discontinuous curve made up of the quadratic and the
cubic (see Fig. A3).

The rate of heat loss from the filament by convection will be equal
to the rate at which heat is carried upward through a horizontal plane at
the top of the filament, which is just the integral in the second of the
original differential equations (2) evaluated at z = L = 8.1 cm:

P = J];R [puCp(’l‘-Tg)]zzL 27rdr . (27)

The factor J, inserted here, may be used to convert from thermal to
mechanical units. After eliminating T through use of Charles' Law (3)
and transforming the variables as above, the power equation associated
with the cubic U, & relation reduces to

Thick: P = J(27Cp)(Po- py) Toa K, [US2], -,

J(@mCL)(Pe - Py) Tea® K, C, CELYS (28)

Since argon and helium are both monatomic, each of the products C o and
C pP has the same value for both gases, provided the values of T, a.nd T3
are the same. Since C, is also mdependent of the gas, the power depends
upon the gas only through the factor Ci, and therefore the power is pro-
portional to a¥? = (k,/C_ p,)¥? and thus is proportional to k}’* (evaluated
at T,). Since the Lhermaf conductivity of helium at the temperature of the
filament is 7.89 times that of argon, the above equation indicates that the
power losses by convection will be in the ratio of 3.96 to 1. It should be
noted that this ratio does not depend at all upon the radial distribution
functions F(£) and G(£) that are chosen, so long as the same are used for
both gases.

Two other ratios are independent of the choice of the F and G
functions. For a given altitude z the velocity functions U have identical
values, and the film thicknesses & vary as @}’3, so the film in helium turns
out to be 1.99 times as thick as that in argon.

To calculate numerical values of P, U, and 6, it is necessary to
choose specific functions F(£) and G(£). Using the functions mentioned
above, (25), and the corresponding constants C,, C,, and N already calcu-
lated, the values in Table I were obtained.



Table I

THICK-FILM CALCULATIONS COMPARED WITH EXPERIMENT

Helium Argon
Power P, watts 16.1 4.07
Radius of disturbance R = a[&(L) + 1], cm 1.93 0.98
Maximum velocity (4/27)U(L), cm/sec 5158 BET
Radius of velocity maximum a[é (L)/3 + 1], cm 0.65 0.34
Maximum Reynolds number 12,2 65.0
Experimental
Power, watts, total 34.6 107
Allowance, radiation and ends?® 3.5 35
Net Convection Skt 2

AComputed radiation rate, 1.5 watts. Estimated end losses, 2 watts.
End losses in a vacuum, 3 watts, were used for the gaseous case
in ANL-5755, but optical pyrometer measurements of the incan-
descent portion of the filament indicated that the temperature
gradient near the ends was smaller in gases than in a vacuum.

The calculated power values are a little more than one -half the
experimental values (52% for helium; 57% for argon). Possibly, the prin-
cipal reason is that the arbitrary F and G functions constitute a less
efficient combination than those which exist in experiments. The distri-
butions produced by experiment will certainly be influenced by the depend-
ence of viscosity and thermal conductivity upon temperature. Also, it is
probable that F and G will vary with z. Several different combinations
of F and G were tried, and some were found to be somewhat more effective
in dissipating heat than the above parabolic F and cubic G.

Another source of error is the influence of the collectors and the
upper guard ring, which is neglected in the above theory. Since these
electrodes lie on a cylinder of 1.3-cm radius, they would be expected to
affect the convection pattern in helium, at least near the top of the filament.

Application of the Thin-film Case

. The thin-film theory was compared with the empirical relation
given by Touloukian, Hawkins, and Jakob(7) to summarize their work with
cylinders of 2.75-in. diameter and 6 to 36 in. in length, in water andethylene
glycol, with maximum temperature differences of 83.5°F. The rates of heat
loss, calculated through the use of the specific F and G functions above
(2,5), average 63% as great as given by the empirical relation (61% for water
and 66% for ethylene glycol). Also, the calculated values of 6, the ratio
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of the film thickness to the radius of the cylinder, are much less than the
ratios Li/K;, i = 1,2,3, as they must be if the thin-film theory is to be
applied.

To make the comparison, the thin-film theory was specialized for
small temperature differences and for liquids, and the resulting relation
for power loss was written in dimensionless form. In the theory as given
above, only the original partial differential equations (1,2) are applicable
to either gases or liquids. If the temperature differences are small,
these 2 equations may be simplified somewhat by replacing p by p, except
in the buoyancy term on the right-hand side of (1), where pg- p is replaced
by using the equation of expansion:

Bfe pr-Ty (29)
°

in which £ is the coefficient of volumetric expansion (which may be set
equal to l/'ro in the case of a gas). Also, 7] and k are taken as constants,
and in the case of a liquid Cp, is replaced by the specific heat C. In view
of the equation of expansion, F(£) is redefined through

T-Ty = (T, - To) F(E) s (30)
If the derivation is carried out as before, the results are the same as if
the above substitutions were made in the final solutions and the temperature-

dependent term (po- p) F(£)/po was dropped from the definition of K, and
L;. The theoretical thin-film heat-loss relation, in dimensionless form, is

then
C|/aY LiLF ()Y [gB(T, - T L2V [v]2 [» | SLyF'(1) -1/
Nivu = (_3-)’ -G'(1) i | [ 3o o] .
(31)

The Nusselt number
Nnu = hL/k (32)

is defined in terms of a new variable h, which is the surface coefficient of
heat transfer, the average rate of heat loss per degree difference between
the initial temperature of the fluid and the temperature of the surface. The
first bracketed factor in (31) represents a proportionality constant, the
second is the dimensionless Grashof number NGr (with L as characteristic
dimension), and the third and fourth are functions of the dimensionless
Prandtl number Np, = v/a.



The above authors' empirical relation was

Nyu = 0.726 (NGr Npr)* . (33)
The Prandtl numbers given in the paper are 2.43 for water and 117.77 for
ethylene glycol. On the basis of the simple F and G functions (22) above,
L; = s when the density differences are small, and the second term in
the last bracket of (31) has the value of 0.952. In this case the viscous
forces are more important than the inertial forces, exactly opposite to the
case of the fine wire at high temperature in gas. The product of the last 2
brackets of (31) deviates from 0.959 (1//00)1/4 by only 4.1% at each of the
above 2 values of ‘LJ/OL. If these 2 brackets are replaced by this approxi-
mate value, equation (31) takes the form of the empirical relation (=8)%
with the numerical constant replaced by

3 ' 1/4
[(%) LSF(I—()I—)] (0.959) = 0.460 (34)

which is 63.4% of the empirical value 0.726. Calculated values of 6 are
all less than 0.22, which satisfies the condition that & must be small rel-
ative to Ly/K, = 4, L,/K; = 3.5, and Ly/K; = 2.67.
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